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ABSTRACT 

This  paper  presents  the  results  of  using  a  constant  modulus  algorithm  (CMA)  to  recover  shaped  offset  quadrature-phase 
shift  keying  (SOQPSK)-TG  modulated  data,  which  has  been  transmitted  using  the  iNET  data  packet  structure.  This 
standard  is  defined  and  used  for  aeronautical  telemetry.  Based  on  the  iNET-packet  structure,  the  adaptive  block 
processing  CMA  equalizer  can  be  initialized  using  the  minimum  mean  square  error  (MMSE)  equalizer  [3].  This  CMA 
equalizer  is  being  evaluated  for  use  on  iNET  structured  data,  with  initial  tests  being  conducted  on  measured  data  which 
has  been  received  in  a  controlled  laboratory  environment.  Thus  the  CMA  equalizer  is  applied  at  the  receiver  to  data 
packets  which  have  been  experimentally  generated  in  order  to  determine  the  feasibility  of  our  equalization  approach,  and 
its  performance  is  compared  to  that  of  the  MMSE  equalizer.  Performance  evaluation  is  based  on  computed  bit  error  rate 
(BER)  counts  for  these  equalizers. 

Keywords:  MMSE  equalizer,  adaptive  CMA  equalizers,  SOQPSK  modulation,  iNET  packet  structure,  aeronautical 
telemetry  channel. 


1.  INTRODUCTION 


We  investigate  the  effectiveness  of  a  CMA  equalizer  [1]  in  recovering  an  unknown  data  bit-stream  that  has  been 
transmitted  over  an  unknown  channel  using  the  iNET  data  packet  structure,  with  shaped  offset  QPSK,  version  ‘TG’ 
(SOQPSK-TG)modulation.  Previous  work  by  Law  [2]  had  noted  some  difficulties  with  the  use  of  CMA  to  equalize 
SOQPSK-TG  over  a  telemetry  channel,  but  subsequent  work  using  a  simulated  aeronautical  channel  ([3,4,5])  has  shown 
that  a  block  processing  CMA  equalizer  can  be  an  effective  equalizer  for  recovering  SOQPSK-TG  modulated  signals 
transmitted  with  the  iNET  data  packet  structure.  This  equalizer  should  be  especially  effective  in  the  case  that  the  known 
data  bits  contained  in  the  iNET-packet  structure  (i.e.  the  preamble  and  asynchronous  marker  (ASM)  bits)  are  leveraged 
to  provide  an  alternative  method  of  initializing  the  CMA  equalizer.  It  has  been  shown  in  [3]  that  compared  to  the  usual 
method  of  using  center-tap  initialization,  the  convergence  time  of  the  adaptation  can  be  decreased  and  a  lower  final  bit 
error  count  is  produced  when  CMA  is  initialized  using  the  minimum  mean  square  error  (MMSE)  equalizer.  For  a  real¬ 
time  application,  the  block  processing  CMA  equalizer  must  be  adapted  while  receiving  the  data  packet  stream  and  the  bit 
error  rate  will  be  used  as  the  basis  for  evaluation  and  comparison.  For  the  simulated  experiments  the  bit  error  count  is 
noted  after  convergence  of  the  equalizer  is  achieved,  and  the  update  of  the  CMA  weight  vector  continues  using  each 
received  data  packet  while  accumulating  errors.  For  the  measured  data  experiments  the  bit  error  count  is  noted  for  every 
packet  starting  from  the  first  packet. 


2.  COMMUNICATION  DATA  STRUCTURE 


The  INET  packet  structure  is  made  up  of  a  known  preamble  of  length  128  bits,  and  ASM  is  of  length  64  bits,  together 
with  the  actual  data  of  length  6144  bits.  The  total  packet  length  is  6336  bits  and  this  packet  structure  is  shown  in  Fig.  1. 
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Fig.  1 :  INET  Packet  structure 

The  communication  system  accepts  this  structured  bit  stream,  which  is  formatted  using  the  iNET  packet  structure  of  Fig. 
1,  at  the  transmitter.  It  is  then  modulated  using  SOQPSK-TG  which  produces  a  signal  s(t)  of  the  form: 

s(t )  —  V 2.E  /  T  cos [2 7f()t  +  (j)(t ,  a)  +  (f>0  ]  (1) 

with  phase  given  by 

t  +CO 

</>(t,a)  =  2  nh  .  (2) 

_ OoI=— CO 

The  SOQPSK  pulse,  g(t)  is  a  windowed  impulse  response  of  the  spectral  raised  cosine  which  is  proportional  to 
frequency;  h  =  0.5  is  the  modulation  index;  E  is  the  bit  energy;  and  T  is  the  bit  sampling  interval.  This  modulation 
scheme  involves  the  use  of  a  precoder  which  converts  the  binary  data  into  a  ternary  output  stream  a,-  consisting  of  { -1,  0, 
+1}  together  with  the  use  of  differential  encoding.  Thus  the  transmitted  signal  SOQPSK-TG  is  a  constrained  partial- 
response  continuous  phase  modulation  fCPM)  with  a  ternary  alphabet  and  its  parameters  are  described  in  detail  in  [6,7], 

The  samples  of  the  SOQPSK-TG  modulated  carrier  signal  are  transmitted  over  an  unknown  AWGN  channel, 
determined  by  the  specific  laboratory  environment.  The  maximum  length  of  the  channel  is  assumed  to  be  37,  and  the 
SOQPSK-TG  signal  experiences  multipath  propagation  over  this  unknown  channel.  For  our  experiments  the  transmitted 
data  is  perfectly  known,  and  so  we  are  able  to  determine  and  count  the  number  of  bit  errors  after  the  equalizer  has  been 
applied  to  the  received  data  packets.  We  note  that  received  data  packets  are  blocks  of  length  N,  which  are  at  least  12672 
samples,  since  the  modulator  operates  at  an  equivalent  rate  of  two  samples  per  bit.  The  equalizer  for  the  received  signal 
is  an  FIR  filter  of  impulse  response,  w(n).  The  equalizer  output  is  processed  by  a  symbol-by-symbol  SOQPSK-TG 
demodulator  [6]  to  produce  the  bit  estimates,  which  determine  the  error  count. 

Using  the  known  preamble  and  ASM  databits  contained  within  the  transmitted  data  packet,  it  is  possible  to 
compute  the  minimum  mean  square  error  (MMSE)  and  zero-forcing  equalizers  for  each  received  data  packet.  Thus  for 
efficiency  it  has  been  proposed  in  [3]  that  one  of  these  be  used  to  initialize  the  CMA  equalizer  in  place  of  the  usual 
center  tap  initializer.  The  CMA  equalizer  is  then  be  updated  iteratively  once  per  received  data  packet,  and  bit  error  rates 
are  computed. 


3.  CMA  EQUALIZATION  ALGORITHM 

The  constant  modulus  algorithm  (CMA)  is  a  blind  equalizer,  which  is  adaptive  and  minimizes  a  specific  cost  function. 
The  CMA  cost  function  is  given  by 

JCMA{y{n))  =  E^y(nf -R2)},  (3) 

where  the  radius  /Q  is  determined  based  on  the  known  modulation  type  used  for  signal  transmission.  For  SOQPSK,  the 
transmitted  signal  is  CPM  and  of  the  form:  s(n)  =  exp  ( j<f>(n))  so  the  value  of  CMA  radius  used  is  R1  =  \ .  Thus 
SOQPSK-TG  is  constant  modulus,  and  by  simulation  CMA  equalization  has  been  shown  to  work  well  on  this 
modulation  type  [3,4].  Based  on  the  iNET  packet  structure  the  MMSE  equalizer  can  be  applied  to  recover  the  received 


data,  and  by  initializing  CMA  with  the  MMSE  equalizer  there  will  be  no  phase  ambiguity  in  the  CMA  equalized 
symbols  for  the  data  packet  to  which  it  is  applied. 

The  iterative  update  of  the  equalizer  weights  for  the  CMA  cost  function  is  based  on  steepest  descent,  and  is  given  by 

wp+]  =  wp-n  VWJ, CMA(y(n))  (4) 

where  wp  is  the  equalizer  weight  vector  and  /j  =  5e-2  is  a  fixed  step-size.  The  gradient  vector  of  the  cost  function  is 
given  as: 

VJCMA(y(n))  =  £{4  \y(n)\2  -R2)  y(ri)  */}  (5) 

where  the  *  operator  denotes  the  complex  conjugate.  For  our  implementation  of  CMA  the  starting  equalizer  weight 
vector,  w_0  is  computed  based  on  the  minimum  mean  square  (MMSE)  equalizer.  We  will  investigate  the  performance  of 
this  CMA  equalizer  when  it  is  applied  at  the  receiver  to  recover  the  transmitted  data  packets. 


4.  EXPERIMENTAL  SYSTEM  IMPLEMENTATION 


In  this  work,  the  performance  of  the  CMA  equalizer  will  also  be  evaluated  using  a  data  stream  produced  by  the 
experimental  setup  shown  in  Fig.  2.  The  SOQPSK-TG  transmitter  was  set  to  10  Mbits/s  using  an  internally  generated 
length-2047  PN  sequence.  (With  the  addition  of  the  preamble  and  ASM  fields,  the  over-the-air  rate  was  10.3125 
Mbits/s.)  The  signal  was  attenuated  and  transmitted  over  the  air  in  a  laboratory  whose  walls  and  desks  created  ample 
opportunities  for  short -delay  multipath,  typical  of  that  encountered  on  aeronautical  test  ranges  [8].  The  received  signal 
was  filtered  and  down-converted  to  a  70  MHz  IF  where  it  was  sampled  at  100  Msamples/s.  The  sample  sequence  was 
stored  on  a  hard  drive  where  MATLAB®  was  used  to  create  the  low-pass  equivalent  signal  at  a  sample  rate  equivalent  to 
2  samples/bit. 
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Fig.  2:  Experimental  setup  used  to  generate  measured  data 


For  our  experiments,  both  the  MMSE  and  CMA  equalizers  are  applied  and  evaluated  at  the  receiver.  Any 
frequency  offset  which  may  have  been  introduced  by  the  channel  is  estimated  here  and  is  first  removed  from  the 
received  samples  before  the  equalizer  is  computed  and  applied.  The  preamble  data  in  the  first  packet  is  used  to  estimate 
the  channel,  and  the  SNR  for  this  data  set  is  also  estimated.  The  SNR  for  the  received  data  set  was  estimated  to  be  25  dB. 
We  note  that  for  CMA,  the  MMSE  equalizer  is  calculated  for  the  first  data  packet  only  and  used  only  as  an  initializer. 
After  initialization,  the  equalizer  filter  coefficients  are  updated  once  for  each  received  packet  using  CMA.  For 
comparison  purposes  we  can  calculate  the  MMSE  equalizer  for  each  received  data  packet.  A  first-order  phase  lock  loop 
(PLL)  is  used  and  it  operates  in  a  decision-directed  mode.  Outlined  below  are  details  of  the  data  processing  steps  that  are 
used  at  the  receiver. 


Receiver  Data  Processing  and  Equalization  Procedure 
Step  1 :  Load  received  iNET  data  packets. 

Step  2:  Find  the  preamble  bits. 

Step  3:  Estimate  the  frequency  offset,  and  derotate  the  received  samples. 

Step  4:  Initialize  the  CMA  equalizer  filter  using  MMSE.  and  apply  to  the  data. 

Step  5:  Update  the  CMA  equalizer  filter  coefficients  once  (for  current  data  packet). 

Step  6:  Apply  a  detection  filter  and  downsample  data. 

Step  7:  Apply  phase  lock  loop  (PLL)  and  record  bit  error  for  current  packet 
Step  S:  Repeat  Steps  5  through  7  for  each  received  packet. 

Step  9:  Compute  the  final  overall  bit  error  rate  ( BER )  for  data,  by  correlation  with  the  transmitted  PN  sequence. 

5.  EXPERIMENTAL  RESULTS 

5.1  Simulation  Experiments 

Our  proposed  CMA  equalization  procedure  wras  first  evaluated  by  simulation.  An  iNET  data  packet  containing  random 
data  as  well  as  the  preamble  and  ASM  specified  by  the  iNET  packet  structure,  was  generated  at  2  samples  per  bit,  and 
modulated  by  SOQPSK-TG.  The  performance  of  the  proposed  equalization  scheme  was  evaluated  using  a  simulated 
aeronautical  test  channel,  which  represents  the  flight  taxiw’ay  before  take-off.  The  spectrum  of  this  channel  is  shown  in 
Fig.  3  together  with  that  of  the  SOQPSK  modulated  signal.  This  packet  wras  sent  through  a  simulated  aeronautical  test 
channel  and  noise  was  added  to  create  the  received  data  packet  to  be  equalized.  The  signal  transmission  process  for  this 
iNET  data  packet  at  25  dB  SNR  is  shown  in  Fig.  4. 


Fig.  4:  SOQPSK  Signal  Transmission  (simulated) 


Focusing  on  Fig.  4,  wre  note  that  the  transmitted  SOQPSK  modulated  signal  lies  on  a  circle  of  unit  radius.  The  effect  of 
multipath  on  the  received  data,  is  seen  in  the  top  right  figure  of  Fig.  4,  and  the  effect  of  CMA  equalizer  is  shown  below 
this  on  the  bottom  right.  The  bottom  left  of  Fig.  4  showrs  the  resulting  QPSK  symbols  after  the  detection  filter  is  applied 
to  the  equalized  data  bits. 


Fig.  5  shows  the  BER  performance  of  the  proposed  MMSE-initialized  CMA  equalizer  for  two  different  scenarios.  The 
baseline  curve  (triangles)  is  obtained  by  updating  the  CMA  equalizer  using  a  single  iNET  data  packet,  following 
initialization  by  the  MMSE  equalizer.  This  test  was  performed  to  establish  the  feasibility  of  the  approach,  and  provide  an 
indication  of  the  ‘best'  possible  performance  to  be  expected.  The  second  curve  (circles)  is  obtained  by  simulating  a  more 
realistic  real-time  experiment  in  which  the  received  data  is  processed  block -by-block  (BxB)  with  a  single  update  of  the 
CMA  equalizer  coefficients  for  each  received  data  packet.  This  is  similar  to  the  processing  method  which  is  to  be  used 
with  the  measured  data.  The  theoretical  curve  for  AWGN  (with  no  multipath)  is  included,  as  well  as  that  obtained  from 
applying  the  MMSE  equalizer  to  tins  data  set. 


Fig.  5:  Comparing  Equalizer  Performance 


These  simulation  experiments  show  that  the  CMA  performance  is  very  close  to  that  of  the  MMSE  equalizer  (with  one 
dB  performance  improvement),  and  it  indicates  the  feasibility  of  the  proposed  real-time  CMA  equalization  approach  for¬ 
tius  SOQPSK  data. 


5.2  Experiments  with  Measured  Data 

Now-  to  focus  on  equalization  of  the  measured  data  obtained  from  the  experimental  setup  of  section  4,  since  the 
transmitted  data  is  a  known  2047  PN-sequence,  the  number  of  errors  can  be  determined  and  counted  by  correlation  with 
this  known  sequence.  The  output  of  PN-correlator  (step  9),  winch  is  used  to  count  errors  after  equalization  of  our 
experimentally  measured  data,  is  shown  in  Figs.  6  (a)  and  (b)  for  the  first  nine  data  packets  of  the  MMSE  and  CMA 
equalizers  respectively.  We  observe  from  Fig.  6(a)  that  the  MMSE  equalizer  produces  zero  errors,  while  in  Fig.  6(b) 
corresponding  to  the  CMA  equalized  data,  we  note  the  occurrence  of  some  very  clear  inversions  of  the  data  symbols, 
wirich  leads  to  very  large  error  counts. 


Correlation  (pncorr)  vs.  Total  bits 


Fig.  6(a):  Correlator  output  for  MMSE  Equalizer 


Fig.  6(b):  Correlator  output  for  CMA  Equalizer  (9  packets) 


Additional  analysis  of  the  results  of  Fig  6(b)  shows  that  the  symbol  inversions  (with  resulting  errors)  occur  always  at  the 
start  of  each  new  data  packet,  which  is  approximately  every  3  spikes  of  2047.  We  note  that  for  SOPQSK,  the  detected 
symbols  resemble  QPSK  which  looks  the  same  for  any  phase  rotation  which  is  a  multiple  of  90  degrees.  By  numbering 
the  QPSK  symbol  locations  as  1  through  4  to  correspond  to  the  symbol  ordering  { 1+j;  -1+j;  1  -j ;  - 1  -j } ,  the  position  of  the 
last  ASM  symbol  (number  32)  in  the  iNET  packet  is  known  and  should  be  at  location  1.  But  our  investigation  has 
revealed  that  when  the  CMA  equalizer  is  applied  to  a  new  data  packet  the  detected  symbols  from  the  equalized  data  may 
be  rotated  by  some  multiple  of  pi/2  out  of  phase  from  the  correct  position.  A  sample  of  these  results  is  shown  in  Table  1, 
which  provides  the  new  location  of  the  last  (known)  ASM  symbol  after  CMA  equalization,  for  each  of  packets  1 
throughlO.  We  note  that  this  symbol  location  changes  nearly  every  time  a  new  data  packet  is  equalized  by  CMA, 
indicating  that  a  phase  rotation  is  also  being  introduced  by  the  CMA  equalizer.  This  finding  should  not  be  totally 
unexpected  since  CMA  is  known  to  be  a  phase  blind  equalizer. 

Table  1 .  Location  of  last  ASM  symbol  =1 . 


Packet  No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

New  ASM 
Location 

1 

4 

4 

1 

3 

4 

2 

3 

3 

2 

As  we  continue  to  develop  a  solution  to  this  problem,  we  will  use  the  phase  information  provided  by  Table  1  to 
determine  and  apply  a  CMA  phase  correction  for  each  data  packet.  It  is  our  hope  that  the  phase  lock  loop  will  be  more 
effective  in  tracking  once  the  additional  phase  error  introduced  by  CMA  has  been  corrected  for.  In  addition  we  expect 
that  an  adaptive  equalizer  such  as  CMA  will  be  more  effective  than  a  fixed  equalizer  (such  as  the  MMSE  equalizer)  in 
tracking  a  time-varying  aeronautical  channel. 


6.  CONCLUSIONS 


In  this  work  we  have  applied  an  MMSE-initialized  CMA  equalizer  to  simulated  SOQPSK  data,  and  we  have  investigated 
its  effectiveness  for  measured  SOQPSK  modulated  data  which  has  been  transmitted  in  laboratory  environment  using  the 
iNET  packet  structure.  One  conclusion  from  this  initial  investigation  is  that  the  phase  blind  property  of  CMA  makes  it 
non-ideal  for  a  straightforward  equalization  of  SOQPSK  modulated  data.  But  because  of  the  known  ASM  and  preamble 
data  bits  contained  in  the  iNET  packet  structure,  it  is  expected  that  we  will  be  able  to  leverage  some  additional 
information  about  the  received  data,  in  order  to  properly  equalize  this  data  using  CMA. 
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